Homeostasis requires the immunologically silent clearance of apoptotic cells before they become pro-inflammatory necrotic cells. CD300f (CLM-1) is a phosphatidylserine receptor known to positively regulate efferocytosis by macrophages, and CD300f genedeficient mice are predisposed to develop a lupus-like disease. Here we show that, in contrast to CD300f function in macrophages, its expression inhibits efferocytosis by DC, and its deficiency leads to enhanced antigen processing and T-cell priming by these DC. The consequences are the expansion of memory T cells and increased ANA levels in aged CD300f-deficient mice, which predispose CD300f-deficient mice to develop an overt autoimmune disease when exposed to an overload of apoptotic cells, or an exacerbated autoimmunity when combined with FcγRIIB deficiency. Thus, our data demonstrates that CD300f helps to maintain immune homeostasis by promoting macrophage clearance of self-antigens, while conversely inhibiting DC uptake and presentation of self-antigens.
Billions of cells die by apoptosis every day as part of the maintenance of normal homeostasis in the body. Those apoptotic cells (AC) need to be rapidly and efficiently removed otherwise they will produce necrotic debris that promotes hyper-activation of the immune system, leading to autoimmune diseases like SLE. 1, 2 Professional phagocytes, macrophages and dendritic cells (DC), efficiently engulf AC thereby preventing the release of pro-inflammatory molecules. 3 Moreover, recognition and engulfment of AC by macrophages and DC serves to sustain immune tolerance to self-antigens by virtue of the anti-inflammatory cytokines IL-10 and TGF-β released from these cells, and the recruitment of natural regulatory T cells. [4] [5] [6] [7] Post AC engulfment, macrophages appear to be capable of fully digesting AC-associated antigens and limit their access to antigen presentation compartments, and therefore are inefficient at T-cell priming. 8 In contrast, DC are highly efficient at processing and presentation of engulfed antigens, using either direct or cross-presentation pathways, which either anergizes or activates potentially self-reactive T cells, depending on the context of antigen presentation. [9] [10] [11] Under homeostatic conditions, anti-inflammatory cytokines and natural regulatory T cells channel DC self-antigen presentation to induce regulatory T-cell differentiation from naïve CD4 T-cell precursors, and to tolerize effector CD8 T cells. 12, 13 With the impaired clearance of AC, subsequent necrosis leads to the release of pro-inflammatory molecules that can supply the co-stimulatory signals for self-reactive T-cell activation by DC. 14, 15 AC display various 'eat-me' signals on their surface that can be recognized by phagocytes. 16, 17 The most well-known 'eatme' signal is phosphatidylserine (PS), which is translocated from the inner leaflet to the outer leaflet of the plasma membrane during apoptosis. 16, 18, 19 Among the many receptors known to bind PS [20] [21] [22] [23] [24] [25] [26] are members of the CD300 family of receptors, including human CD300a, 27 mouse CD300f 28, 29 and CD300b. 30 The human CD300 receptors are type I transmembrane proteins with single IgV-like extracellular domains that are mainly expressed by myeloid cells. [31] [32] [33] The orthologous mouse family has a variety of names, including CMRF-like molecules (CLM), 31, 32, 34 but for simplicity in this report we use the human nomenclature for both species. Mouse CD300f (CLM-1) possesses both activating and inhibitory signaling potentials for regulation of AC engulfment upon PS recognition. CD300f deficiency predisposes C57BL/6 mice to develop autoimmune disease, as the lack of CD300f accelerates SLE-like disease development in Fcgr2b − / − C57BL/6 mice. 29 However, the cellular and molecular basis underlying the regulatory function of CD300f in autoimmune disease development is still unclear.
Here we found that, while CD300f functions to promote macrophage efferocytosis, its role in DC is the exact opposite, serving to inhibit AC engulfment. A consequence of CD300f deficiency is a marked expansion of memory T cells and increased anti-nuclear antibodies (ANA) levels in aged mice. When CD300f-deficient mice are confronted with an overload of AC, they develop an overt SLE-like disease, unlike wild-type (WT) mice. Moreover, we show that the more severe autoimmune response that develops by combining CD300f deficiency with FcγRIIB deficiency correlates with increased germinal center formation, expansion of plasma B cells, and increased serum levels of pro-inflammatory cytokines. Thus, our data show that CD300f helps to maintain homeostasis by promoting macrophage clearance of self-antigens and inhibiting DC uptake and presentation of self-antigens.
Results
CD300f expression by immune cell populations. The expression of CD300f in the immune cell populations was analyzed at both the mRNA and protein levels. DC, macrophages, marginal zone B cells (B220 + T cells expressed CD300f. CD300f was also expressed on both bone marrow-derived macrophages (BMM) and bone marrow-derived DC (BMDC; Figures 1a and c) .
Memory T-cell expansion and increased auto-antibody production in CD300f-deficient mice. Immune cell populations were analyzed in WT and CD300f-deficient mice at different ages. As shown in Figures 2a and b + T cells was maintained at the similar levels during the aging of WT mice; in contrast, a significant increase was observed in CD300f-deficient mice by 6 months that was still evident at 15 months of age (Figures 2c and d) . The population of early activated (CD69 + ) CD8 + T cells tended to decrease with age in WT, but was sustained in the CD300f-deficient mice (Figure 2c ), resulting in a larger population of activated CD8 + T cells in CD300f-deficient compared with WT mice (Figure 2d ). In parallel to the hyper-activated T-cell phenotype, CD300f-deficient mice developed markedly higher levels of antinuclear auto-antibodies (ANA) by 15 months of age Figure 1a) . No other differences in cell populations and activation status were observed in aged CD300f-deficient mice compared with WT mice (Supplementary Figure 1b) . Also, there were no differences in the serum cytokine or chemokine levels (TNF-α, IL-6, IFN-γ, IL-12, IL-10, MCP-1) between CD300f-deficient and WT mice (Supplementary Figure 1c) . Since CD300f 29 we analyzed 15-month-old mice for the presence of AC. No aberrant distribution of AC was observed in the spleen, blood or peritoneum of CD300f-deficient compared with WT mice (Supplementary Figure 2) .
Exacerbated SLE-like disease development in ACoverloaded CD300f-deficient mice. Although CD300f-deficient mice did not develop an overt immune phenotype, nor did they accumulate elevated levels of AC, we hypothesized that continuous exposure to AC could tip the balance towards autoimmunity, as repeated exposure to AC debris has been shown to exacerbate disease in autoimmune-prone mice, but not in normal mice. 7, 35, 36 Therefore, we injected AC into WT and CD300f-deficient mice, in the presence of pristane, an alkane that induces a SLE-like disease by promoting the release of auto-antigens from AC. 37, 38 Although pristane alone did not cause any difference in splenomegaly between Cd300f +/+ and Cd300f −/− C57BL/6 mice is due to the decreased activation threshold of B cells, which are easily activated by self-antigen-autoantibody immunocomplexes. 39 Our previous study has shown that CD300f-deficiency predisposes mice to develop a lupus-like disease in
Fcgr2b
−/− mice. 29 To further examine whether the increased levels of ANA in CD300f-deficient mice can accelerate the breakdown of B cell tolerance in 
− / − mice were analyzed using hematoxylin and eosin (H and E) staining and TUNEL staining. Data are representative of two mice per strain. Arrows indicate the AC. Scale bars, 50 μm. (f) Cytokine levels in sera of 6-month-old Cd300f +/+ , Cd300f CD300f regulates immune homeostasis L Tian et al markedly elevated levels of inflammatory cytokines (IL-12, IL-6, TNF-α) were detected in the serum (Figure 4f ), which was consistent with systemic inflammation observed in
CD300f differentially regulates efferocytosis by macrophages and DC. CD300f expression promoted the efferocytic capacity of BMM (Figures 5a and b) . In contrast to the activating effect of CD300f expression on the phagocytic capacity of macrophages, its presence on DC was inhibitory, as CD300f-deficient BMDC were more phagocytic than WT BMDC (Figures 5c-f ). The engulfment difference between WT and CD300f-deficient DC was unlikely due to the possibility of secondary maturational changes in the DC upon exposure to AC, as the added AC did not change the expression of maturation markers on the DC (Supplementary Figure 3) . To further exclude the possibility that AC induce a maturational change in the DC, we used PS-liposome-coated beads to mimic AC. CD300f-deficient BMDC were more efficient at engulfing PS-liposome-coated beads than WT BMDC (Figures 5g and h ), confirming that CD300f inhibits efferocytosis by DC. To visualize the in vivo clearance of AC, the distribution of i.v.-injected CFSE-labeled AC in spleens was analyzed. At 15 min post AC injection, AC were predominately distributed in marginal zone areas in both CD300f-deficient and WT mice; at 30 and 60 min, there were more AC located in the white pulp of spleens from CD300f-deficient than WT mice (Figures 5i and j) . The co-localization of AC with DC was also increased in the white pulp of spleens from CD300f-deficient compared with WT mice (Figures 5k and l) . Consistently, more splenic DC from CD300f-deficient mice engulfed the i.v.-injected PKH67-labeled AC than those from WT mice (Figures 5m  and n) . The enhanced efferocytosis by CD300f-deficient DC suggested that more AC-associated antigens would be engulfed and available to be processed and presented for T-cell priming in CD300f −/− mice. To test this hypothesis, we analyzed the response of OT-I CD8 + T cells to γ-irradiated OVA-expressing EG-7 (EG-7-OVA) cells in Cd300f (Figures 5o and p) . To prove that DC were responsible for the enhanced proliferation of the OT-I CD8 + T cells from Cd300f − / − mice, CD11c + DC were isolated from γ-irradiated EG-7-OVA cell-immunized Cd300f T cells showed a significant increase when exposed to CD300f-deficient DC as compared with WT DC (Figures 5q  and r) . Thus, CD300f deficiency renders macrophages less efficient in efferocytosis, leading to increased availability of AC to be recognized by DC, which gain enhanced efferocytic potential and T-cell priming capability in the absence of CD300f. 
Discussion
PS is a well-known 'eat-me' signal exposed on AC that is recognized by cell surface receptors expressed by professional (that is, macrophages and DC) and 'housekeeping' (for example, epithelial and fibroblast cells) phagocytes to mediate AC clearance for homeostasis. 3, 40, 41 Here we show that the PS receptor CD300f is expressed on both macrophages and DC, and differentially regulates their efferocytosis. CD300f functions as an activating receptor to enhance macrophage efferocytosis, but inhibits the AC engulfment by DC. Thus, CD300f possesses the potential to transduce both activating and inhibitory signals for efferocytosis. Although it is not clear at this point how CD300f differentially regulates efferocytosis in macrophages and DC, of note is the fact that CD300f has five tyrosine-based motifs in its cytoplasmic tail: two immunoreceptor tyrosine-based motifs (ITIM), an immunoreceptor tyrosine-based switch motif (ITSM), a PI3K-binding motif and a growth factor receptor-bound protein 2 (Grb2)-binding motif. AC binding to CD300f leads to phosphorylation of the PI3K-binding motif thereby promoting PI3K recruitment and activation, which initiates the signaling events required for AC engulfment; each of the other four tyrosine-based motifs initiate inhibitory signals that serve to suppress efferocytosis. 29 Since all CD300f tyrosine residues have the potential to be phosphorylated in macrophages or DC upon the binding of AC (data not shown and ref. 29) , whether AC are engulfed or not depends on the available tyrosine kinases and/or downstream signaling capacity within the phagocytic cell. In macrophages the balance of these capabilities favors AC engulfment, while the opposite is true for DC. How CD300f expression regulates efferocytosis could also depend on the other CD300 family members expressed by the phagocyte. Overexpression of human CD300 family members has shown that CD300f tends to form homodimers, but CD300f can also form heterodimers with other CD300 family members. 42 Human CD300a 27 and mouse CD300b 30 share PS as a ligand and are known to inhibit or potentiate efferocytosis, respectively. Whether or not CD300 heterodimer formation is unique to humans and occurs in the absence of overexpression remains to be determined. Although several immune receptors have been reported to have both activating and inhibitory cellular functions, including CD150, 43 2B4, 44 and PIR-B, 45 we demonstrate that CD300f is the only known PS receptor capable of alternative signaling for efferocytosis regulation. Determining exactly how CD300f expression differentially regulates efferocytosis in different cell types is the subject of ongoing studies in our laboratory.
Our data show that CD300f-deficient macrophages are less efficient in clearing AC and that the engulfment of AC by DC is enhanced. Efferocytosis by DC is highly relevant to T-cell priming since DC are efficient at processing and presentation of engulfed antigens. CD8 + DC engulf AC and migrate to the T-cell zone of the spleen for cross-presentation of ACassociated antigens. 12 In correlation with the increased phagocytic capability of CD300f-deficient DC, more DC engulfed AC in the spleen of CD300f-deficient mice, compared with WT mice. The increased availability of AC, combined with enhanced efferocytic potential of CD300f-deficient DC, likely leads to elevated presentation and cross-presentation of AC-derived self-antigens to T cells, resulting in the observed sustained presence of activated T-cell populations and an expanded population of memory T cells in aged mice. This creates more potential to trigger self-reactive B cells to secrete auto-antibodies, which would explain the increased levels of ANA that we observe in aged mice.
The increase in the memory T-cell compartment and autoantibody levels did not lead to overt signs of autoimmune disease development in CD300f-deficient mice that were examined at 2-15 months of age. In elderly people, it has also been observed that there are higher levels of auto-antibodies without clinical relevance. Such individuals also have higher levels of memory and effector T cells, 46 yet are in general hypo-responsive and referred to as immunosenescent. [47] [48] [49] [50] Other than the higher frequency of memory and activated T cells in aged CD300f-deficient mice and the presence of elevated ANA, the T-cell proliferation in response to TCR stimulation, the activation status of macrophages or DC based on co-stimulatory molecule expression, and the levels of inflammatory or anti-inflammatory cytokines were similar between CD300f-deficient and WT mice, suggesting an immunosenescent status in aged mice. Thus, our data indicate that the autoimmune-risk status generated by CD300f deficiency occurs in the context of immunosenescence, which explains the absence of overt disease pathologies.
Although CD300f-deficient mice do not develop overt disease, they clearly are more prone than WT mice to develop overt autoimmune symptoms if stressed. CD300f-deficient mice developed a more severe autoimmune inflammation than the WT mice, when the mice were stressed with excess AC in the pristane-induced autoimmune disease model, which fits the fact that repeated exposure to AC leads to exacerbated disease in autoimmune-prone mice. 7, 35, 36 Moreover, our previous study showed that CD300f-deficient Fcgr2b −/− mice are predisposed to develop more severe splenomegaly and have a higher fatality rate than in Fcgr2b −/− mice. 29 Here we performed an in-depth analysis to identify cellular and molecular abnormalities behind this predisposition. In the double-deficient mice, GC B cells and plasma cells were expanded and inflammatory cytokines were increased. An enhanced accumulation of AC was found in spleen tissues of double-deficient mice. These data indicate that the autoimmune-risk status due to CD300f deficiency advances to a fully activated autoimmune response once the immune activation threshold is decreased by combining CD300f deficiency with FcγRIIB deficiency, or the immune system is over-loaded with excess AC.
Interestingly, marginal zone B cells and plasma cells compared with follicular B cells or transitional B cells express a significant level of CD300f, which makes CD300f a useful marker for the identification of B-cell populations. Owing to the expression of polyreactive BCRs and higher levels of TLRs, marginal zone B cells have a lower threshold for activation, proliferation and differentiation into antibody-secreting cells than follicular B cells, and their expansion has been related to lupus-like disease development in NZB/NZW lupus-prone mice. 51, 52 The fact that the marginal zone B cell population is not altered in CD300f-deficient mice suggests a minimal involvement of marginal zone B cells in CD300f-regulated autoimmunity development. However, we cannot exclude the CD300f regulates immune homeostasis L Tian et al possibility that hyper-activation of auto-reactive marginal zone B-cell clones contributes to the increased ANA levels in 15-month-old CD300f-deficient mice as neither obvious germinal center formation nor alteration in the plasma cell population was detected. The functional effects of CD300f on marginal zone B cells and plasma cells will be further tested within the context of T-cell-dependent or -independent immune response.
Data regarding association of the CD300 family with autoimmune disease susceptibility, although exist, is limited at the moment. CD300a has been implicated in ulcerative colitis 53 and its deficiency in mice has been shown to exacerbate gut inflammation. 54 A single nucleotide polymorphism (SNP) encoding a nonsynonymous substitution R94Q in the IgV-like domain of CD300a impairs its capacity to bind PS and PE, and this SNP has been linked to psoriasis susceptibility. 55 The surface expression of CD300a on CD4+ T cells is also lower in psoriatic patients compared with healthy controls, suggesting a role for CD300a by T cells in the pathogenesis of this autoimmune disease. 55 Besides the SLE-like disease as shown in this study, CD300f deficiency has been shown to contribute to development and pathogenesis of experimental autoimmune encephalomyelitis and colitis in mouse models. 56, 57 An intronic SNP (rs10512597) of CD300f has been associated with the etiology of psoriasis disease and possibly with cardiovascular diseases. 58, 59 A nonsynonymous SNP (rs2034310) in the region encoding the cytoplasmic part of CD300f has been associated with multiple sclerosis. 60 All those data imply that CD300 family members are likely to be important in the pathogenesis of autoimmune diseases, and highlight the potential of targeting CD300f, as well as CD300a, for the autoimmune disease therapies.
In summary, our data show that CD300f has an important role in the maintenance of immune homeostasis, by enhancing the clearance of AC by macrophages and inhibiting AC uptake by DC thereby limiting auto-antigen availability for T-cell priming. 7 apoptotic thymocytes in PBS twice per week; mice injected with PBS alone were used as a control. At 3 months after the first pristane injection, mice were killed for tissue and serum collection. For the isolation of the bone marrow cells, sorting of the immune cell populations or location analysis of transferred AC in spleens, 8-10-week-old mice were used. For the immune cell population and activation status analysis, 2-, 6-or 15-month-old male mice were used. All mice were bred and housed in a pathogenfree environment in the NIAID animal facility with the protocol (LIG-5E) approved by the National Institute of Allergy and Infectious Diseases Institutional Animal Care and Use Committee. RNA isolation and quantitative real-time PCR. RNA was isolated by RNAqueous Phenol-free total RNA isolation (Life Technologies, Grand Island, NY, USA) following the manufacturer's instructions. RNA was reverse transcribed with a qScript cDNA Synthesis Kit (Quanta Biosciences, Gaithersburg, MD, USA) according to manufacturer's instructions. For the detection of Cd300f transcript, quantitative real-time PCR was carried out with the SYBR Green PCR Master (Roche, Branchburg, NJ, USA) with the following primers 5′-GTGCCGATATACC TCAGGCT-3′ and 5′-ATGCATCGGTTTCAACAAGA-3′. The amount of Cd300f transcript was calculated with the 2-delta CT method, where delta CT equals (CT Cd300f − CT Gapdh) and CT is the cycle at which the arbitrary detection threshold is crossed.
Measurement of serum cytokine and auto-antibody levels. Serum cytokine levels were determined using a cytometric bead array (CBA) mouse inflammation kit (BD Biosciences). Data were analyzed with CBA software (BD Bioscience). ANA in the sera of mice were detected using HEp-2 cells on microscope slides (MBL Bion, Des Plaines, IL, USA) as described previously. 61 The fluorescence of ANA was detected by a Zeiss Axio Imager Upright microscope (Carl Zeiss, Thornwood, NY, USA) with a × 20 Zeiss Plan-Neofluar objective. ANA staining intensity was scored in a genotype-blind fashion. The scale ranged from 0 to 4 arbitrary units, according to the following criteria: 0, no fluorescence; 1, very dim fluorescence; 2, dull fluorescence; 3, distinct fluorescence; and 4, high-intensity fluorescence. Serum anti-dsDNA IgG levels were quantified using a mouse antidsDNA IgG-specific ELISA kit (Alpha Diagnostic International, San Antonio, TX, USA) according to the manufacturer's recommendations. The plates were read at 450 nm using an ELISA plate reader.
Histology analysis. Tissue samples were fixed in 10% buffered formalin and embedded in paraffin for sectioning and staining with hematoxylin and eosin (H and E). For apoptosis detection, a standard TUNEL assay was performed. Briefly, following paraffin removal and rehydration of the slides, sections were treated with Proteinase K and H 2 O 2 /PBS to block the endogenous peroxidase activity. Slides were then incubated with TdT (New England Biolabs, Ipswich, MA, USA) and the product of the reaction was detected with anti-digoxigenin-peroxidase (Roche Diagnostics, Indianapolis, IN, USA) and DAB. In some experiments, slides were counterstained with hematoxylin for microscopy observation. The histology images were evaluated by a pathologist. The amount of ACs in spleen was quantified with ImageJ.
Preparation of liposome-coated beads. Liposomes and liposomecoated M-280 Dynabeads (Invitrogen) were prepared as previously described. 29 The presence of PS on the beads was confirmed by staining with Annexin V-APC (eBioscience) and flow cytometry analysis. Liposome and liposome-coated beads were stored in argon gas to prevented lipid oxidization.
Phagocytosis of AC or PS-containing-liposome-coated beads.
Thymocytes from C57BL/6 mice were incubated with 10 μM dexamethasone in RPMI medium with 1% BSA for 6 h for the generation of AC. 29 The apoptotic thymocytes were labeled with the pH-sensitive dye pHrodo succinimidyl ester (Invitrogen) according to the manufacturer's instruction.
BMM cells (2 × 10 5 ) were incubated with pHrodo-labeled AC at a ratio of 1:3 for 60 min at 37°C and followed by anti-mouse F4/80 staining. The cells were washed and suspended in basic buffer (pH 8.8) to quench the fluorescence of non-engulfed pHrodo-labeled AC before the flow cytometry analysis. c-kit + cells isolated from bone marrow were cultured with 20 ng/ml GM-CSF and 20 ng/ml IL-4 for 6 days to generate the BMDC. 62 BMDC (2 × 10 5 ) were incubated with pHrodo-labeled AC at a ratio of 1:3 for 30, 60 and 120 min at 37°C, and then stained with anti-mouse CD11c for the phagocytosis analysis by flow cytometry as described for BMM cells. For the CD300f regulates immune homeostasis L Tian et al confocal analysis of efferocytosis by DC, 5 × 10 4 BMDC were incubated with pHrodoand pH-insensitive dye TFL4-labeled AC at a ratio of 1 : 3 for 60 min at 37°C in 35 mm glass-bottomed dishes (MatTek). The cells were washed and immersed in the basic buffer to quench the fluorescence of pHrodo, but not TFL4, in the non-engulfed AC, and imaged immediately on the confocal microscope (Zeiss) with a × 63 Zeiss Plan-Apochromat objective, and analyzed using LSM 710 software (v. 3.2, Carl Zeiss, Thornwood, NY, USA). The phagocytosis of liposome-coated beads has been described previously. 30 Briefly, BMDC stained with PKH26 (Sigma-Aldrich) were incubated with PS-containing-liposome-coated beads for 30 min. Cells were collected and suspended in ice-cold homogenization buffer (0.25 M sucrose, 10 mM HEPES (pH7.4), protease inhibitor cocktail (Roche) in PBS), and then lysed by passage through a bended 27.5 gauge needle 20 times. Beads were collected from the homogenates using a Dynal magnet, washed and analyzed for PKH26 fluorescence by flow cytometry. The engulfed beads showed higher PKH26 fluorescence obtained from the cell membrane.
T-cell proliferation assay. T cells were purified from spleens of Cd300f +/+ or Cd300f − / − of 15-month-old mice with CD90.2 MicroBeads (Miltenyi Biotec, San Diego, CA, USA). Cells (5 × 10
